The development and antigen-dependent differentiation of B lymphocytes is orchestrated by an array of growth factors, cytokines, and chemokines that require tight spatio-temporal regulation.
Introduction
HSPGs are proteins with covalently attached polysaccharide HS-chains, which in the native form consist of alternating N-acetylated glucosamine (GlcNAc) and D-glucuronic acid (GlcA) units. 1, 2 These macro-molecules are expressed in all mammalian tissues as extracellular matrix components (e.g. perlecan) or as cell-membrane-bound glycoconjugates (e.g. syndecans, glypicans). To exert their function, the HS-chains undergo a series of processing reactions involving N-deacetylation/N-sulfation, epimerization, and O-sulfation. 1, 2 This endows HS-chains with highly modified domains, which provide specific docking sites for a large number of bioactive molecules. Binding of these ligands, such as growth factors and cytokines, serves a variety of functions, ranging from immobilization and concentration to distinct modulation of signaling. [2] [3] [4] In this way, HSPGs act as multifunctional scaffolds, regulating important biological processes, including cell adhesion and migration, angiogenesis, and tissue remodeling. 5 Genetic defects in man and studies with genetically modified animals have unequivocally demonstrated the critical role of HSPGs and their correct modification by heparan sulfate modifying enzymes (HSMEs) in development and tissue homeostasis. 1, [5] [6] [7] [8] [9] Altered HSPG core protein expression or defective HS modification can cause mistargeting of morphogens and growth factors, which may lead to developmental defects and can initiate or modulate tumor growth. 3, 6, [10] [11] [12] The fact that many of the growth factors, cytokines, and chemokines critical for lymphocyte growth, differentiation, and positioning contain HS-binding domains suggests that
HSPGs could also play a key role in the control of lymphocyte function. [12] [13] [14] Consistent with this notion, previous studies from our own and other laboratories have demonstrated that HSPG expression by B lymphocytes is developmentally regulated and stimulation-dependent.
14- 16 Specifically, activation by B cell antigen receptor (BCR) and CD40 ligation was shown to induce strong expression of cell surface CD44-HS, which act as functional co-receptors promoting growth factor signaling. 14 In addition, B cells acquire strong expression of the HSPG syndecan-1 upon their terminal differentiation into plasma cells. 15, 17 These observations indicate that dynamic regulation of HSPG expression in B cells could play a role in tuning their sensitivity to soluble
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From signals from the microenvironment, and might thus be crucial for B cell development and antigendependent differentiation. To explore this hypothesis, we studied the effect of targeted deletion of the Glce gene, encoding glucuronyl C5-epimerase, which converts GlcA to its stereo-isomer Liduronic acid (IdoA). This conversion releases the conformational constraints of the polysaccharide, creating chain flexibility and allowing the access of protein ligands to specific regions of the HS chains. 18 Since Glce knock out (Glce -/-) mice die neonatally, 6 we studied B cell development and differentiation in alymphoid Rag-2 -/-γ c -/-mice, 12 reconstituted with fetal liver hematopoietic stem cells (FLHSCs) derived from Glce -/-mice or wild type littermates. We report here that Glce-deficiency leads to attenuated B cell maturation, diminished baseline-and antigenspecific immunoglobulin levels, and reduced plasma cell numbers. Furthermore, we show that
Glce-deficiency impairs plasma cells to respond to APRIL-mediated survival signals. Our data establish a role for HSPGs in the control of B cell maturation and antigen-dependent differentiation in vivo.
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Material and Methods

Mice
C57BL/6 mice carrying a mutant allele for Glce, described previously, 6 were bred under specified pathogen free conditions. Offspring of Glce +/-couples was genotyped by PCR, using primers as described. 6 Rag-2 -/-γ c -/-mice, which lack T, B and NK cells, 12 were bred under specified pathogen free conditions and housed in individual ventilated cages. All mice were housed in the animal facility of the Academic Medical Center (AMC, Amsterdam, the Netherlands (Armenian hamster, 145-2c11, eBioscience); FITC-conjugated anti-c-kit; FITC-conjugated antiIgM; PE-conjugated anti-IgD; APC-conjugated anti-B220, RA3-6B2 (all from BD Pharmingen).
Secondary antibodies used were Cy3-conjugated anti-VSV, P5D4 (Sigma); biotin-conjugated rabbit anti-rat immunoglobulins (Dako).
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From For ELISA unconjugated and HRP-conjugated goat anti-mouse immunoglobulins used were antimouse IgM, IgG1, IgG2b, and IgA (All from Southern Biotechnology). For ELISA standards and quantification, purified mouse IgM, IgA, IgG1, and IgG2b (100 μg/ml) were used (all from Southern Biotechnology). Recombinant proteins used were APRIL, BAFF, HGF, SDF-1α, CXCL13 (all from R&D systems), CCL19 and CCL21 (both from PeproTech). TACI-Ig was from Sigma-Aldrich. Tri-nitrophenylated keyhole limpet hemocyanin (TNP-KLH) and TNP-bovine serum albumin (TNP-BSA) were obtained from Biosearch Technologies, Inc.
Immunohistochemistry
Immunohistochemistry on frozen and on formalin-fixed paraffin embedded tissues was performed as described previously. 20 Bone (marrow) was fixed in formalin, embedded in plastic, and processed for immunohistochemistry as described. 12 
Flow cytometry
Expression of membrane proteins was analyzed by single, double, or triple stainings, as described previously. 14 Stainings were measured on a FACSCantoII flow cytometer system (BD Biosciences) interfaced to FACS Diva software (v 6.0), and analyzed with FlowJo (Tree Star, Inc.).
Growth factor and chemokine binding assay
Mouse embryonic fibroblasts (MEFs) were generated and cultured as described. 21 To examine
Glce dependent HS binding, 2x10 5 MEFs were incubated with 100μl of ΔR-ARPIL-FLAG (2 μg/ml), HGF (2 μg/ml), SDF-1 (5 μg/ml), CXCL13 (10 μg/ml), CCL19 (5 μg/ml) or CCL21 (5 
Measurement of total and antigen-specific immunoglobulin levels
Mice were bled from the femoral vein and serum was isolated. The generation and phenotype of the glucuronyl C5-epimerase (Glce -/-) deficient mice employed in this study has been described previously ( Figure 1A ). 6, 8 Importantly, these mice die at birth due to renal agenesis and pulmonary dysplasia. To study the role of HS-chain modification by Glce in lymphocyte development and antigen-dependent differentiation, we transferred fetal liver hematopoietic stem cells (FLHSCs) from Glce -/-embryos or Glce +/+ littermates (E14.5) to
-/-mice completely lack B, T, and NK cells, and consequently permit highly reproducible engraftment of lymphocytes. 12 Preceeding grafting, the FLHSC donor populations were genotyped by PCR ( Figure 1A ). In addition, the 'Glce phenotype' of FLHSC was determined by FACS employing antibody AO4B08, directed against an HS epitope that is dependent for its binding on the presence of IdoA, the product of Glce activity ( Figure   1B ). 19 At 4-5 weeks after transfer of either Glce +/+ or Glce -/-FLHSCs, T and B lymphocytes were present in the peripheral blood of the recipients ( Figure 2A ; upper panels). Notably, however, the proportion of B cells in the blood of Glce -/-mice was significantly reduced ( and d150 ( Figure 4E ). Furthermore, after repeated immunizations, the total concentration of IgG1 and IgG2b in the serum of the Glce -/-mice remained significantly lower compared to their Glce
littermates, while IgA levels were also strongly reduced (Fig 4 F) . Importantly, immunohistochemical studies of the spleens of the Glce -/-mice after TNP-KLH challenge (d56)
showed a small but significant decrease in plasma cell numbers ( Figure 5A -C), without any abnormalities in size or architecture of germinal centers ( Figure 5A,B) . Thus, modification of HS by Glce on B cells is required for optimal antibody formation and affects the fate of plasma cells, both short-and long-lived, but is not required for germinal center formation.
Glce deficiency impairs HS interaction with a subset of ligands
Unlike interactions of protein ligands with heparin, their interaction with natural HSPGs is believed to be highly selective and dependent on specific modifications of the HS-chains. Figure 6A,B) . In marked contrast, the binding of the chemokines CXCL13 and CCL21 was hardly affected by Glce deficiency. FACS analysis ruled out that these chemokines were bound to the MEFs via their cognate receptors, since these cells were devoid of CXCR5 (for CXCL13) and CCR7 (for CCL19/CCL21) (data not shown). These findings demonstrate that modification of HS by Glce selectively affects ligand binding, and that
IdoA moieties are required for interaction of HS with a distinct subset of cytokines involved in B cell and plasma cell functioning.
APRIL-mediated plasma cell survival is dependent on HS modification by Glce
Recent studies have identified APRIL as an important survival factor for plasmablasts and bone marrow plasma cells. 23, 25, 26 Our current finding that Glce -/-mice have decreased serum antibody levels ( Figure 4A ) and diminished plasma cell numbers in bone marrow and spleen ( Figure 4D ,E), together with our observation that Glce-deficient cells are unable to bind APRIL ( Figure 6A) Figure 7A ). Importantly, this lack of stimulation was not due to a general defect in survival signaling since B cell activating factor (BAFF), a close relative of APRIL which acts in a HS- For
Discussion
HSPGs are designed to specifically bind and regulate the bio-activity of soluble protein ligands 1, 2 and play an essential role in the spatial control of extracellular signals regulating cell growth, survival, and differentiation. 1, 5, 27 Previous studies have demonstrated that B cells show developmentally regulated and stimulation-dependent expression of cell surface HSPGs, [14] [15] [16] suggesting a role for HSPGs in the control of B cell development and antigen-dependent differentiation. To explore this role, we studied the effect of targeted deletion of Glce, an enzyme which converts GlcA to its stereo-isomer IdoA creating chain flexibility, thereby allowing access of protein ligands to specific regions of the HS chains. 18 In addition to imposing conformational constraints, Glce deficiency results in a distorted sulfation pattern, which may also contribute to altered ligand binding. 1, 6, 21 Glce -/-mice die neonatally. 6 Therefore, the effect of Glce deficiency on B cell development and differentiation was assessed in alymphoid Rag-2 23, 25, 26 In particular APRIL appears to be a key player in promoting plasmablast/cell survival. Upon differentiation of plasmablasts into plasma cells BAFF-R and TACI are lost, whereas BCMA, which has a much higher binding affinity for APRIL compared to BAFF, is upregulated. 49 APRIL requires HSPG interaction for effective signaling. 38 The strongly reduced capacity of APRIL to interact with HS-moieties lacking IdoA could thus render APRIL unable to convey survival signals to Glce -/-plasma cells, explaining the reduced antibody levels and plasma cell numbers in Glce -/-mice. Consistent with this hypothesis, we observed that Glce-deficient plasma cells were unable to respond to APRIL-mediated survival signals in vitro, whereas their survival response to BAFF was undisturbed. Besides perturbed APRIL signaling, impaired interaction with other soluble factors, including CXCL12 and HGF, might affect homing and survival of plasmablasts and plasma cells in vivo and thereby also contribute to the reduced antibody levels and plasma cell numbers in Glce -/-mice.
Apart from promoting survival of BM plasma cells, APRIL also plays an important role in
IgA antibody responses to T cell-independent (TI)-1 antigens encountered in the mucosa of the intestine. 40 The strongly reduced serum IgA levels in older Glce-deficient mice presumably reflects this role and may result from impaired binding of APRIL to HS lacking IdoA leading to defective APRIL-mediated IgA class switching 40, 50 and/or to reduced survival of IgA plasma cells in the intestinal lamina propria. 51 Further studies are needed to discriminate between these possible mechanisms.
Our data show that Glce-deficient B cells can undergo maturation and can differentiate to plasma cells in response to stimulation with a T-cell dependent antigen, but they also reveal that
Glce deficiency leads to distinct defects in B-and plasma cell maturation and homeostasis. In marked contrast to our findings, Garner and colleagues recently reported that conditional inactivation of the HS polymerase exostin-1 (Ext1) at the pro-B cell stage does not significantly affect B cell maturation and antigen-dependent differentiation. 46 However, unlike in our model where all B lymphocytes contain the mutant Glce, the Cre-mediated deletion of Ext1 in the study of Garner was incomplete ranging from 50-85%. As also debated by these authors, positive selection of cells that escaped HS deletion could thus explain the absence of a B cell phenotype
in these mice. Unfortunately, no data on serum Ig levels and plasma cell numbers or survival were reported in this study. In conclusion, our results identify HSPGs as novel players in B cell maturation and differentiation and imply that regulation of HS conformation is crucial for the recruitment of factors that control survival of BM plasma cells.
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